A simple and efficient chemoenzymatic total synthesis of the naturally occurring insect pheromones, (4R)-dodecanolide and (4R)-octanolide is described.
The chiral γ-and δ-lactones are important scaffolds in the field of agrochemicals and medicinal chemistry [1] . They are very useful building blocks for the synthesis of bioactive molecules and are widely distributed in nature, especially as pheromones and aromatic components of many fruits and other natural products [2] . They comprise structural moieties that are frequently present in cardenolides [3] , lignans and flavor components [4] . In particular, γlactones are used as important flavor components in a wide range of foods such as stone fruits, wine, milk and dairy products. Among various γ-lactones, (4R)-dodecanolide (1) is a unique and naturally occurring butanolide (Figure 1 ). It is a defensive secretion of pygidial glands of rove beetles, Bledius mandibularis and B. spectabilis [5] . It was also produced during the bioconversion of soya bean fatty acids by Pencillium roqueforti [6] spores in the presence of an exogenous lipase and is used as a flavoring agent [7] . It has been isolated from various fruits [8] and butterfat [9] . Another important γ-lactone is (R)-4-octanolide, which is found in strawberry, peach, and apricot [10] . Due to their significant physiological activities, several synthetic approaches have been reported for the synthesis of γ-lactones (1) and (2) [11] .
In continuation of our research on the total synthesis of biologically active natural products, we herein report the total synthesis of (4R)dodecanolide and (4R)-octanolide from commercially available aldehydes in an elegant way. Retrosynthetic analysis of the two target molecules, γ-lactones (1) and (2) is outlined in Scheme 1. The synthesis of target molecules was proposed to be accomplished from alkyne esters 4a and 4b, respectively. The alkyne esters 4a and 4b could be easily obtained from secondary alcohols 5a and 5b via enzymatic kinetic resolution, which in turn can be prepared from commercially available aldehydes 6a and 6b. The synthesis of target molecules 1 and 2 began from commercially available aldehydes 6a and 6b, respectively. Accordingly, the propargyl alcohols 5a and 5b were easily prepared in 87% and 85% yields respectively through the addition of monolithiumoacetylide [12] to aldehydes 6a and 6b. Enzymatic kinetic resolution of racemic propargylic alcohols 5a and 5b using Novozym-435 [13, 14] in the presence of vinyl acetate in tert-butyl methyl ether afforded the chiral propargyl alcohols 7a and 7b in 42% (97% ee) and 41% (98% ee) yields, respectively. The free hydroxyl groups of 7a and 7b were protected with TBSCl using imidazole in the presence of cat. DMAP in CH 2 Cl 2 at room temperature to afford the alkynyl TBS ethers 9a and 9b in 92% and 89% yields, respectively. Methoxycarbonylation of acetylenic compounds 9a and 9b with methyl chloroformate (1 equiv) using 1.6 M n-butyllithium in hexane (1.2 equiv) at -78 o C gave the acetylenic esters 4a and 4b in 78% and 80% yields, respectively (Scheme 2) [15] .
The catalytic hydrogenation of the alkyne esters 4a and 4b using palladium on carbon under a hydrogen atmosphere in methanol afforded the saturated esters 10a and 10b in 85% and 83% yields, respectively. Deprotection of TBS groups followed by lactonization of the esters 10a and 10b were achieved with p-toluenesulfonic acid in methanol to afford the target molecules 1 and 2 in 75% and 72% yields, respectively. The analytical data of (R)-4-dodecanolide (1) and (R)-4-octanolide (2) are in good agreement with that reported in the literature (Scheme 3) [5, 10, 15] . In summary, we have successfully demonstrated the enantioselective total synthesis of (4R)-dodecanolide and (4R)octanolide involving enzymatic kinetic resolution to establish the chiral center of -lactones.
Experimental
General: 1 H and 13 C NMR spectra were recorded in either CDCl 3 or C 6 D 6 on 200, 300 or 500 MHz spectrometers at ambient temperature. The coupling constant J is given in Hz. The chemical shifts are reported in ppm downfield from tetramethylsilyl as an internal standard and signal patterns are indicated as follows: s = singlet, d = doublet, t = triplet, q = quartet, sex = sextet, m = multiplet, br = broad. FT-IR spectra were recorded in KBr pellets CHCl 3 /neat (as mentioned) and reported in cm -1 . Optical rotations were measured on a digital polarimeter using a 1 mL cell with 1 dm path length. For low resolution (MS) and high resolution mass spectra (HRMS), m/z ratios are reported as values in m/z; ESI mode. All chemicals used were of reagent grade without further purification, unless otherwise specified. Solvents were distilled prior to use: THF, toluene and Et 2 O were distilled from Na and benzophenone ketyl; MeOH from Mg and I 2 ; CH 2 Cl 2 from CaH 2 . All air-or moisture-sensitive reactions were conducted under either a N 2 or argon atmosphere in flame-dried or oven-dried glassware with magnetic stirring. Column chromatography (CC) was carried out using silica gel (60-120 mesh or 100-200 mesh) packed in glass columns. The solvents were distilled prior to use.
Synthesis of propargyl alcohols 5a and 5b:
To a solution of lithium acetylideethylenediamine complex (5.91 g, 56.3 mmol) in dry DMSO (10 mL) a solution of aldehyde (6a, 5.0 g, or 6b, 3.0 g; 35.2 mmol) in dry DMSO (20 mL) was added at 0°C under an argon atmosphere. The mixture was warmed to room temperature and stirred for 8 h. After completion, the mixture was quenched with ice water (30 mL) and then extracted with diethylether (3 x 30 mL). The combined organic extracts were washed with brine (20 mL), dried over Na 2 SO 4 , filtered and concentrated in vacuo. The residue was purified by CC on silica gel (n-hexane: EtOAc = 97:3) to give the propargyl alcohols 5a and 5b. 
Undec-1-yn-3-ol (5a)

(R)-tert-Butyldimethyl(undec-1-yn-3-yloxy)silane (9a):
To a solution of proparglic alcohol (7a, 1.3 g, or 7b, 0.87 g, 7.7 mmol) in dry dichloromethane (10 mL) under a nitrogen atmosphere were added imidazole (0.8 g, 11.62 mmol) followed by TBDMSCl (1.4 g, 9. 25 mmol) at 0 o C and the reaction was allowed to stir at room temperature for 2 h. The mixture was then quenched with sat. NH 4 Cl solution and extracted with DCM (2 X 10 mL). The combined extracts were washed with water followed by brine solution, dried over anhydrous Na 2 SO 4 and concentrated under reduced pressure. The residue was purified by silica gel CC using nhexane-ethyl acetate (98:2) as eluent to give the title compounds 9a, and 9b as colourless liquids. Butyl(hept-1-yn-3-yloxy) 
(R)-tert-
Methyl-4-((tert-butyldimethylsilyl)oxy)dodec-2-ynoate (4a,4b):
The above alkyne (9a 1.1 g, or 9b, 0.9 g, 3.9 mmol) was dissolved in tetrahydrofuran and cooled to -78 o C under nitrogen. To this solution was added n-BuLi (4.6 mL, 7.3 mmol, 1.6 M in n-hexane) drop wise over 30 min. After 30 min, methyl chloroformate (0.34 mL, 4.41 mmol) was added slowly at the same temperature and then stirred for another 30 min. The reaction progress was monitored by TLC. After completion, the mixture was quenched with sat. NH 4 Cl solution and extracted with ethyl acetate. The combined organic extracts were washed with brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by silica gel flash CC using n-hexane-ethyl acetate (99:1) as eluent to give the compounds 4a, and 4b as oily liquids. 
Methyl-4-((tert-butyldimethylsilyl)oxy)dodecanoate
(10a,10b): Ynone (4a, 100 mg, 4b, 88 mg, 0.29 mmol) was dissolved in methanol (5 mL) and stirred under a hydrogen atmosphere in the presence of Pd/C (0.01 g) for 4 h. The catalyst was removed by filtration through a pad of Celite and the solvent removed under reduced pressure. Purification of the crude mixture by flash CC using n-hexane-ethyl acetate (99:1) as eluent gave the title compounds 10a and 10b as yellow oils. -4-((tert-butyldimethylsilyl) Dodecanolide (1, 2) : To a stirred solution of (10a, 40 mg, 10b, 33 mg, 0.11 mmol) in MeOH was added a catalytic amount of p-TSA (1.0 mg, 0.005 mmol) under a N 2 atmosphere. The mixture was stirred at room temperature for 12 h and then quenched with solid NaHCO 3 (4.1 mg, 0.05 mmol). The mixture was filtered and the filtrate was removed under reduced pressure. The residue was purified by CC (silica gel, n-hexane-EtOAc, 88:12) to afford the compounds (1 and 2) as pale yellow liquids.
(R)-Methyl
(R)-4-Dodecanolide (1) [(R)-5-octyldihydrofuran-2(3H)-one]
Yield: 17.0 mg, 75%.
[α] D 25 : +28.6 (c 0.3, CH 3 OH). 1 for 5b, 7b, 9b, 4b, 10b and 2 are the same as for 5a, 7a, 9a, 4a, 10a and 1, respectively. 
